The growth of a thiamine pyrophosphate auxotroph of Escherichi coli was inhibited by either thiamine or thiamine monophosphate, and the growth of a thiamine monophosphate auxotroph was inhibited by thiamine. The thiamine pyrophosphate-dependent oxidation of pyruvate was inhibited by thiamine with whole cells of the thiamine pyrophosphate auxotroph but not with cell extracts prepared from the same organism. In addition, the thiamine pyrophosphate uptake of the thiamine pyrophosphate auxotroph was inhibited by either thiamine or thiamine monophosphate. Although the thiamine pyrophosphate uptake of a revertant, selected for prototrophy from the thiamine monophosphate auxotroph, was inhibited by thiamine to an extent comparable to that observed with the thiamine monophosphate auxotroph, its growth was no longer inhibited by thiamine. A possible mechanism for the inhibition by thiamine and thiamine monophosphate in the utilization of thiamine pyrophosphate is discussed.
The growth of a thiamine pyrophosphate auxotroph of Escherichi coli was inhibited by either thiamine or thiamine monophosphate, and the growth of a thiamine monophosphate auxotroph was inhibited by thiamine. The thiamine pyrophosphate-dependent oxidation of pyruvate was inhibited by thiamine with whole cells of the thiamine pyrophosphate auxotroph but not with cell extracts prepared from the same organism. In addition, the thiamine pyrophosphate uptake of the thiamine pyrophosphate auxotroph was inhibited by either thiamine or thiamine monophosphate. Although the thiamine pyrophosphate uptake of a revertant, selected for prototrophy from the thiamine monophosphate auxotroph, was inhibited by thiamine to an extent comparable to that observed with the thiamine monophosphate auxotroph, its growth was no longer inhibited by thiamine. A possible mechanism for the inhibition by thiamine and thiamine monophosphate in the utilization of thiamine pyrophosphate is discussed.
The results presented in two preceding papers in this series (14, 15) provided evidence that both thiamine monophosphate (thiamine-P) and thiamine pyrophosphate (TPP) can be utilized as the intact molecule by Escherichia coli mutants auxotrophic for thiamine phosphates. The TPP-dependent growth of a TPP auxotroph was competitively inhibited by either thiamine or thiamine-P, and the TPP-or thiamine-P-dependent growth of a thiamine-P auxotroph similarly was inhibited by thiamine. These mutant strains were produced by a further mutation of a thiamine auxotroph that lacked an enzymatic activity of phosphohydroxymethylpyrimidine kinase, and proved that an additional lesion existed in the phosphorylation steps of thiamine (Fig. 1 ). It appeared, therefore, that the inhibition occurred by the normal, structurally related metabolites arising at the reaction sequence for TPP biosynthesis prior to the second blocked reaction. An analogous phenomenon has been found by Lankford and Skaggs with TPP-requiring strains of Neisseria gonorrhoeae (10) , but the mechanism of the growth inhibition by thiamine remains to be elucidated. Thus, the question arises as to whether thiamine and thiamine-P inhibit the entry of exogenous TPP into the cells or whether they inhibit the functioning of the apoenzyme(s) for which TPP alone can serve as a coenzyme. The present paper describes the inhibition which is primarily due to the compe-.32 tition between TPP and either thiamine or thiamine-P in the process of their transport in E. coli cells.
MATERIALS AND METHODS
Organisms. E. coli mutant 70-23 (auxotrophic for thiamine) and the following derivatives of it were used: mutant 70-23-102 (auxotrophic for thiamine-P); mutant 70-23-107 (auxotrophic for TPP); mutant 102-RI (prototrophic for thiamine). Biochemical characteristics of these strains were the subject of a previous report (15) . Mutant 70-23-107-thi-r(1) was a thiamine (or thiamine-P) -resistant strain, which was produced from mutant 70-23-107 by the procedure described in Results.
Cells and cell extracts. The minimal medium of Davis and Mingioli (3) was used as basal medium. Aerobic cultures were grown in 2-liter baffled Erlenmeyer flasks containing 600 ml of the growth medium, which were incubated on a rotary shaker operated at about 120 cycles/min. Anaerobic cultures grew in 1 liter of standing flasks filled to the neck. TPP was added at 30 nM into the aerobic medium and at 5 nM into the anaerobic one, unless otherwise stated. All cultures were grown at 37 C, and the cells were harvested in the exponential phase of growth. The cells were washed twice with cold 20 mM potassium phosphate buffer (pH 7.0) containing 1 mM MgCl2 and were resuspended in the same buffer to yield 25 mg (dry weight)/ml. For each experiment, assays were performed as soon as possible with cell suspensions from fresh cultures. For preparing cell extracts, the suspensions were disrupted in a Kaijo 20-kcycle ultrasonic disintegrator, allowing 3 min of treatment for every 10 ml of suspension. The resulting sonicated , pathway of utilization of exogenous thiamine compounds; E,, phosphohydroxymethylpyrimidine kinase; E2, thiamine monophosphokinase; Es, thiamine monophosphatekinase; HMP, 2-methyl-4-amino-5-hydroxymethylpyrimidine; HMP-P, HMP monophosphate; HMP-PP, HMP pyrophosphate; Th, 4-methyl-5-j5-hydroxyethylthiazole; Th-P, Th monophosphate.
fractions were centrifuged at 10,000 x g for 10 min. The supernatant fraction was dialyzed against 100 volumes of the buffer and subsequently stored at -20 C. Protein content was measured by biuret method, with crystalline bovine serum albumin used as standard.
Assay system. The rate of oxidation of pyruvate with cell suspensions was determined manometrically as the amount of oxygen consumption at 10-min intervals. The standard assay mixture contained, in a final concentration, 33 mM potassium phosphate buffer (pH 7.0), 3 (3. 3 mg of protein/ml) in a total volume of 3.0 ml. The gas phase was nitrogen.
After extracts had been incubated at 37 C for 15 min, the extracts were tipped into the main compartment of the Warburg flask from the side arm of the flask, and carbon dioxide evolution was measured at 10-min intervals.
To measure the uptake ability of mutant cells for thiamine and its phosphate esters, cells harvested from the cultures grown under aerobic conditions were used. The standard reaction mixture contained, in a final concentration, 0.15 M potassium phosphate buffer (pH 7.0), 3.3 mM MgCl2, 10 MlM each of the thiamine compounds, 0.4% glucose, chloramphenicol (100 U/ml), and cell suspensions (5.0 mg [dry weight / ml) in a total volume of 3.0 ml. All reagents except the thiamine compounds were preincubated in centrifuge tubes at 37 C for 5 min with constant shaking, and the uptake was initiated by adding each of the thiamine compounds. After 20 min of incubation with shaking, individual tubes were placed on ice and cells were separated from the buffer by centrifugation at 8,000 x g for 5 min. The cells were resuspended in a 7.0-ml portion of cold 0.15 M potassium phosphate buffer (pH 7.0) and centrifuged again. Thiamine and its phosphate esters were extracted from the cells by heating at 80 C for 20 min in 3.0 ml of 0.2 M acetate buffer (pH 4.5). The amounts of thiamine, thiamine-P, and TPP in the extracts were estimated by microbiological assay employing mutant 70-23 by procedures in previous reports (14, 15) .
RESULTS AND DISCUSSION
Uptake of thiamine and its phosphate esters by mutant cells. The parental and mutant cells were compared for their abilities to take up thiamine and its phosphate esters. As Table 1 shows, the cells of different organisms were able to take up thiamine, thiamine-P, and TPP in significant amounts, and the uptake was accelerated by addition of glucose in the reaction system. In recent years, evidence has been accumulated which indicates that the uptake of thiamine by cells of E. coli proceeds by a physiological mechanism involving active transport and that exogenous thiamine is accumulated intracellularly in a form of TPP (6) (7) (8) . Thus, energy provided through the oxidation of glucose has been thought to be required for the uptake and accumulation of exogenous thiamine in cells of E. coli. Our experiments, however, revealed the fact that the uptake of both thiamine-P and TPP in mutant 70-23 cells was also accelerated by glucose. Furthermore, the stimulatory effect of glucose was observed in the uptake of mutant 70-23-102 cells for thiamine and of mutant 70-23-107 cells for thiamine-P. This suggests that neither thiamine monophosphokinase nor thiamine monophosphatekinase is involved as an essential component in the uptake system.
Thiamine requirements in the oxidation of pyruvate by whole cells and cell extracts. When the minimal medium was supplied with thiamine to give the final concentrations higher than 50 nM, final cell yields in the aerobic culture of mutant 70-23 were far greater than those in the anaerobic culture. However, if the concentrations were lowered less than 10 nM, anaerobic cell yields became greater than aerobic ones (13) . Manometric experiments showed that the addition of pyruvate alone stimulated markedly the respiration of the mutant cells grown anaerobically on 0.1 ,M thiamine and that the addition of pyruvate with thiamine did not cause the further stimulation (16) . Conversely, results obtained with the cells grown anaerobically on 1 nM thiamine were quite different; the degree of pyruvate oxidizing activity was very low but the activity was fully restored by the addition of either TPP or thiamine (Fig. 2) . These results have suggested that the mutant cells grown anaerobically on a limniting amount of thiamine do not contain TPP in the amount that permits effective oxidation of pyruvate. The same type of experiments were performed with mutant 70-23-107. Cells grown anaerobically on 3 nM TPP were incubated with pyruvate in the presence of either TPP or thiamine. It can be seen (Fig. 3) that the rate of oxidation of pyruvate was markedly stimulated by TPP, whereas free thiamine did not show any activity. When, however, the cell suspensions that had been incubated with 0.3 ,umol of thiamine for 15 min were mixed with pyruvate and 0.3 gmol of TPP, the rate of oxidation of pyruvate was inhibited 50%. When the cell suspensions were preincubated with TPP prior to addition of pyruvate and thiamine, subsequent addition of the thiamine did not cause the inhibition. These results suggest that thiamine probably inhibits the oxidation of pyruvate by either occupying the TPP binding site of the enzyme that catalyzes pyruvate oxidation or by interfering with the entry of TPP into the cells, or both.
In E. coli, pyruvate is oxidized mainly through the action of the pyruvate dehydrogenation complex, and TPP is required in the decarboxylase component of this enzyme system (4, 9) . Accordingly, experiments were next conducted to determine whether or not thiamine inhibits pyruvate decarboxylase activity. As Fig. 4 shows, extracts preincubated with 0.3 ,umol of TPP were able to catalyze the what less of an inhibitory effect than thiamine. In this case, increasing the concentrations of exogenous thiamine-P produced increasing amounts of thiamine-P accumulated in the cells (Fig. 5b) .
If mutant 70-23-102 is used as a source of cell suspensions, it can be expected that the results will be obtained only with thiamine because TPP is not formed from thiamine but is formed from thiamine-P. The effect of thiamine on the TPP uptake is shown in Fig. 6a . Although the uptake ability of mutant 70-23-102 cells for TPP was less active than that of mutant 70-23-107 cells, an inhibitory effect of thiamine on the TPP uptake could be observed. With the mutant cells, increasing the concentrations of exogenous thiamine resulted in an increase in the amount of intracellular thiamine accumulated as thiamine.
The presence of a protein which shows a thiamine-binding activity has been demonstrated in the osmotically shocked fluid obtained from cells of E. coli mutant 70-23 (18) . The thiamine uptake activity of the cells is reduced by the shock procedure, and thiamine phosphate competes considerably with [ 
1!C ]thiamine in binding with the protein (18).
The ability to form the protein is reduced by excess thiamine added to the growth medium (5) . In addition, an inhibitory effect of thiamine phosphates on the uptake of ["IC ]thiamine has been reported with E. coli (11), but whether or not thiamine phosphates entered into the cells with ["C ]thiamine uptake has not been examined. Therefore, if the thiamine-binding protein is involved as an essential component in the uptake system for thiamine, the protein might also participate in the uptake for both thiamine-P and TPP. The present results, considered together with those given by other workers, show that thiamine, thiamine-P, and TPP all share a common transport system in E. coli, and that the competition between TPP and thiamine and between TPP and thiamine-P may occur in the process of their transport.
It should be emphasized, however, that our present results were obtained only with mutants in which the metabolic sequence for TPP synthesis was blocked at two different steps. That thiamine, thiamine-P, and TPP were all equally active for mutant 70-23 and that the TPPdependent growth of this organism was inhibited by neither thiamine nor thiamine-P brought us to the question as to whether or not such double blocked reactions might be concerned with the growth inhibition by thiamine. From the theoretical standpoint, if a mutant having a single block at the phosphorylation step from thiamine-P to TPP were isolated, the mutant growth would have been iphibited by either thiamine or thiamine-P. Efforts were made to isolate the mutant manifesting such a defect followed by the mutagenic treatment of W strain (wild type) and mutant 70-23-107, but the attempts were not successful. This suggests that the entry of exogenous TPP into such a mutant cell might be inhibited by intracellular thiamine-P accumulated in excess. Subsequent experiments with mutant 102-Ri, one of the reverted strains of mutant 70-23-102, revealed that the uptake for TPP was also inhibited by thiamine (Fig. 6b) . The organism was able to grow in the minimal medium as well as the wild-type organism, and the growth was neither inhibited by thiamine nor accelerated by TPP (Fig. 7) . This indicates that the presence of both the original and either of the two mutations might be required for the growth inhibition by thiamine. Since thiamine is not involved in the de novo synthesis of TPP, neither the synthetic process of TPP nor the availability of endogenous TPP as a cofactor component in certain TPP-dependent enzyme systems would be inhibited by exogenous thiamine, even in the presence of a high concentration. However, available evidence does not totally exclude the possibility that thiamine and thiamine-P might combine to the TPP-binding site of apoenzyme and that the competition has occurred at the binding site. Inasmuch as several enzyme systems that require TPP have been shown in E. coli, the posssibility remains that some of these, other than the pyruvate dehydrogenase system, could associate with either thiamine or thiamine-P under the conditions where endogenous TPP is unavailable.
Isolation and characterization of thiamineand thiamine-P-resistant mutants. Attempts were made to isolate mutants resistant to either thiamine or thiamine-P followed by the ultraviolet mutagenesis of mutant 70-23-107. The irradiated cells were transferred to the minimal medium containing 0.1 MM TPP and incubated at 37 C for 16 h. The cells in the culture were harvested by centrifugation, washed once by sterile water, and resuspended in the minimal medium. A portion of the cell suspensions was streaked heavily on the minimal agar plate that contained 10 ,M thiamine, 10 uM thiamine-P, and 0.1 M TPP. The plate was then incubated for 48 h, and colonies of large size were isolated and purified by reisolating them on a plate that contained 0.1 ,M TPP. Mutants showing two different phenotypes have been isolated by the procedure. The first was that found for mutant 70-23; the other was that organisms became resistant to either thiamine or thiamine-P to a considerable extent. These resistant organisms could not be distinguished from mutant 70-23-107 in respect to requirement for TPP. The results obtained with mutant 70-23-107-thi-r(1), one of the representative strains, are shown in Fig. 8 . In mutant 70-23-107, at least a 10:1 molar ratio of thiamine to TPP, and a 100: 1 ratio of thiamine-P to TPP were required to cause a complete growth inhibition. These ratios increased as much as 100 times in the newly isolated mutant. The increased resistance is not attributable to the reversion from the original block because hydroxymethylpyrimidine-P is accumulated in the culture of the resistant organisms as well as in that of mutant 70-23 (data are not shown). Subsequently, cell suspensions prepared from mutant 70-23-107-thi-rll) were incubated with 10/MM TPP in the presence of varying concentrations of either thiamine or thiamine-P. As Fig. 9a and b shows, TPP uptake by the cells was no longer inhibited by a low level of thiamine-P. The similar tendency was observed with thiamine, but its inhibitory effect was somewhat stronger than thiamine-P. Thus, the mechanism responsible for the ability of the newly isolated mutant to grow on TPP in the presence of either thiamine or thiamine-P could be explained if one assumed that the genetic change which occurred in the mutant might be concerned with the transporting process of thiamine and its phosphate esters.
Conclusions. (i) The biosynthetic pathway of TPP and the route by which exogenous thiamine and its phosphate esters are utilized in Escherichia coli are summarized in Fig. 1. ( ii) The free form of thiamine is not involved in the de novo synthesis of TPP, but thiamine-P, an exclusive product formed through the condensation between hydroxymethylpyrimidine-pyro- ?. phosphate and thiamine-P, is directly phosphorylated to form TPP. (iii) Exogenously added thiamine, thiamine-P, and TPP, all of which can be taken up by the cells, and the foriner two compounds are then converted to TPP. Thiamine monophosphokinase catalyzes the reaction from thiamine to thiamine-P, and thiamine monophosphatekinase catalyzes from thiamine-P to TPP. There is no evidence that thiamine pyrophosphokinase (adenosine 5'-triphosphate: thiamine pyrophosphotransferase, EC 2.7.6.2) exists in E. coli. (iv) Mutants auxotrophic for TPP (70-23-107) and for thiamine-P (70-23-102) have been isolated as doubly blocked mutants from a thiamine auxotroph (70-23) that is deficient in phosphohydroxymethylpyrimidine kinase activity. (v) The TPPdependent growth of mutant 70-23-107 is competitively inhibited by either thiamine or thiamine-P, and the TPP-or thiamine-P-dependent growth of mutant 70-23-102 is similarly inhibited by thiamine. The growth inhibition is primarily due to the inhibition of the entry of TPP into the cells. In the case of mutant 70-23-107, for example, the phosphorylation steps of hydroxymethylpyrimidine-phosphate and thiamine-P are blocked. The mutant requires exogenous TPP for growth but the TPP cannot be transported into the cells when excess thiamine (or thiamine-P) is present in the medium. The present results support the assumption that thiamine, thiamine-P, and TPP share a common transport system in E. coli.
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